ABSTRACT The dynamic stability of ultra-high voltage alternating current (UHVAC) transmission system with large-scale power bases has not been clearly discussed before. This paper studies the low frequency oscillation (LFO) characteristic of UHVAC system through complex torque coefficient method (CTCM) and finds out the reasons why UHVAC system is more vulnerable to LFO problem. It is pointed out that the bulk capacity and long distance make UHVAC system's damping torque coefficient much smaller than conventional system's, which lets UHVAC system's operation point closer to the safety edge and decreases system's dynamic stability. The comparisons between UHVAC system and conventional system in practical multi-machine systems further validate the theoretical analysis. Finally, the suggestions for UHVAC systems are given based on the analysis in the view of dynamic stability.
I. INTRODUCTION
In China, energy resource centers are 800∼3000 km away from the load centers. In order to carry out long distance and bulk capacity power transmission, State Grid Corporation of China constructed Ultra-High Voltage Alternating Current (UHVAC) transmission projects in past 20 years. UHVAC power transmission stands for AC transmission with voltage level of 1000 kV and above [1] . Compared to conventional high voltage systems, UHVAC transmission system has larger capacity and lower loss. It enables transmitting electric power from large-scale power bases to load centers directly [2] .
Owing to its features of high voltage, large capacity, and long distance, UHVAC transmission system faced challenges from complex electromagnetic environments to geographic conditions along the transmission lines [3] . Thus, the research of UHVAC concentrates on overvoltage suppression [4] , [5] , equipment selection [6] , and electromagnetic environment control [7] . Also, the security problems such as short circuit
The associate editor coordinating the review of this manuscript and approving it for publication was Xiaorong Xie. current and high/low voltage level electromagnetic loop in UHVAC system are discussed [8] , [9] .
However, as the UHVAC transmission systems are designed for large-scale power bases (mainly are thermal power bases), the specific impact of such high-voltage and bulk-capacity sending out structure on system's dynamic stability is hardly studied. Although some discussions of largescale wind power base transmission systems have been done [10] , [11] , the scale of wind power base is much less than traditional thermal base, not to mention the very different characteristic of wind power.
Actually, large-scale thermal power base has caused low frequency oscillation (LFO) problems in UHVAC transmission system according to practical project experience [12] . And operation experience also shows that UHVAC systems with large-scale thermal power bases are more vulnerable to LFO than traditional high voltage systems. But the research on damping characteristic of UHVAC connected to largescale thermal power base is very few, probably because it is a new and very special problem. As UHVAC construction is an important strategy in China, study the large-scale power base's, especially thermal power base's, impact on the LFO characteristic of UHVAC is urgent. And through the operation experience in the world, LFO problem sometime are even more serious than transient stability problem, because it would lead generators out of step and disconnection [13] , [14] .
As a classical problem in synchronous AC system, the traditional method for LFO study is eigenvalue analysis, based on which the complex torque coefficient method (CTCM) is also popular. CTCM was invented by Heffron and Phillips in 1952 [15] . In 1982, Canay defined the complex torque coefficient method and used it to analyze sub-synchronous oscillation problems [16] . Compared to the universal eigenvalue method, CTCM based on torque coefficients calculation can look inside the power system and find out the key components and parameters specifically. Because the parameter's relationship in torque coefficients is clear and specific, which makes CTCM much more useful especially in simple structure system. Although large-scale thermal power base has bulk capacity and high voltage in UHVAC power transmission system, the structure is not complex. And the aim of this paper is to find out the different damping characteristic of UHVAC. To reach this target, a clear and insightful method is needed. And CTCM is much more suitable.
The main contribution of this paper is as follow (1) The damping characteristic of large-scale thermal power base is obtained through CTCM method.
(2) The difference of damping characteristic between UHVAC system and normal HVAC transmission system is made clear.
(3) The reasons why UHVAC is more vulnerable to LFO is found out after the damping characteristic analysis and comparison.
(4) The suggestion for practical UHVAC are proposed based on theoretical study and simulations.
To study the LFO characteristic of UHVAC, the paper is organized as follow. The introduction of CTCM is made in Section II. Then Section III describes the practical XM UHVAC power transmission system, and JJFG conventional high voltage system is also introduced in this section for comparison. Section IV investigates the damping characteristic of the two systems and finds out the reasons of different damping performances through CTCM. Section V validates the above theoretical analysis in multi-machine systems. And the final section VI gives the suggestions for UHVAC system in the view of dynamic stability.
II. INTRODUCTION OF THE COMPLEX TORQUE COEFFICIENT METHOD
The complex torque coefficient method (CTCM) is obtained through single machine infinite bus system (SMIB). This section will introduce this method briefly.
As Fig. 1 shows, the load of SMIB is P + jQ. By taking the external reactance X as part of the generator's reactance, the stator voltage is V θ and the terminal voltage of generator is V L δ.
Ignoring the stator resistance, the DC part of the stator current and the influence of the damping winding, and assuming the rotor speed of generator varies slightly under the small disturbance, the following equations can be obtained.
where where X d and X q denote the d-axis transient reactance and q-axis synchronous reactance, respectively; E q is the q-axis transient electromotive voltage; E Q is the hypothetical electromotive voltage after X q .
Based on internal circuit of the generator, the equations of stator current and the voltage can be obtained as
Based on equations (1)- (3), the linearized equations of current and voltage are
Also, we have the linearized third-order model of generator
where ω is the rotor speed, M and D are the inertia time constant and damping coefficient of rotor, P m and P e are the input mechanical power and the output electromagnetic power, E fd is the stator sided-axis equivalent voltage,E q is the q-axis voltage, and T d0 is the d-axis transient time constant. Furthermore, P e and E q can be rewritten as
Meanwhile, the transfer function of excitation system can be expressed by
where K e and T e are the gain and the time constant of the excitation system; V is the increment of terminal voltage V . And according to
Thus, based on (3), equation (9) can be rewritten as
Finally, based on the linearization of equations (7) and (8), with the substitution of relate variable increment, the following equations can be obtained
where K 1 − K 6 are the coefficients which are commonly used to calculate the damping coefficient in small signal stability analysis and can be given by
The above equations are called Philips-Heffron model, and the diagram is shown in Fig.3 .
The control loop from δ to M e reveals excitation system's impact on system's stability. By letting s = jω in the loop's transfer function, the damping torque coefficient M a can be obtained
If generator's own damping D is considered, the above equation can be rewritten as
As D basically equals to 0 in thermal generator, it can be seen that the damping torque coefficient is mainly determined by three sub-coefficients K 2 , K 5 and K 6 . Thus, it is important to investigate these coefficients in UHVAC system.
III. UHVAC AND CONVENTIONAL HIGH VOLTAGE POWER TRANSMISSION SYSTEM
To reveal the damping characteristic of UHVAC power transmission system, the detailed UHVAC and conventional high voltage power transmission system models are both established in Power System Analysis Software Package (PSASP) simulation software. Based on the two detailed multimachine systems, the equivalent SIMB models for damping torques study are also established in Power Systems Computer Aided Design (PSCAD) simulation software.
A. UHVAC POWER TRANSMISSION SYSTEM WITH LARGE-SCALE THERMAL POWER BASE
The UHVAC power transmission system with large-scale thermal power base is shown in Fig. 4 . This system is a practical project named XM UHVAC system in China. The four large-scale thermal power bases send out about 7000MW power to the two load centers, which is realized by UHV transmission lines. Although each generator in sending side is equipped with power system stabilizer (PSS), the gain of PSS is set to 0 to make the study in a reasonable condition.
The LFO characteristic of XM UHVAC system is investigated by adding small disturbance. The disturbance is set at 10s, with a 0.1s single-phase grounding fault between ZG bus and XM bus. The active power transmitted by one VOLUME 7, 2019 tie line between XM bus and BJ bus is shown in Fig. 5 , where the base value of active power is 100MW in the diagram.
Thus, the LFO mode and damping ratio in XM UHVAC system can be obtained, as Table 1 shows.
B. CONVENTIONAL HIGH VOLTAGE POWER TRANSMISSION SYSTEM
In order to find the different damping characteristic between UHVAC and conventional system, the conventional high voltage power transmission system is established for comparison, which is a practical sending out system named JJFG power transmission system. As Fig. 6 shows, JJFG system sends out 2600MW active power through three 500kV tie lines.
Similarly, the LFO characteristic of JJFG power transmission system is obtained by adding a 0.1s single-phase grounding fault between JJ bus and JYD bus. The active power transmitted by one tie line between JYD bus and JSB bus is shown in Fig. 7 , where the base value of active power is 100MW in the diagram as well. And the LFO mode and damping ratio in JJFG system is shown in Table 2 .
It can be seen that the damping ratio in XM UHVAC transmission system is much less than in the conventional high voltage JJFG power transmission system. Although nearly 7% damping ration is not so small, the LFO risk in UHVAC system is still high in some operation modes according to practical experience. To find out the specific reasons decreasing the damping of UHVAC system, the next section will investigate the system's damping characteristic though CTCM.
IV. ANALYSIS OF DAMPING TORQUE COEFFICIENT IN UHVAC THROUGH SMIB A. DISCUSSION OF KEY FACTORS FOR INVESTIGATION
As section II described, the system's damping characteristic can be investigated through damping torque coefficient, which is determined by three sub-coefficients K 2 , K 5 and K 6 .
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Because the aim of this paper is to find out the reasons why the UHVAC system's damping is decreased, the discussion will concentrate on the key factors rather than studying every variable.
Note that the main differences between UHVAC system and conventional system are high voltage, bulk capacity and long distance, the factors decreasing system's damping can be preliminarily narrowed to these three reasons. As the voltage of the system cannot be changed arbitrarily, the factors of capacity and distance are the key variables to study. Thus, the three coefficients K 2 , K 5 and K 6 , as well as the damping torque coefficients of UHVAC systems will be investigated with different capacities and distances. Also, the same coefficients of conventional high voltage system are studied for comparison. This is implemented through the equivalent SIMB system of XM UHVAC and JJFG system described above, which are established in PSCAD software. To make sure the comparison of two systems' damping characteristic is accurate, the PSS has not been considered in the equivalent SIMB systems.
In the following figures, the base value of XM UHVAC system is 7000 MVA, 1000kV, while it is 2600MVA and 500kV in JJFG system. 
B. OUTPUT POWER'S IMPACT ON THE DAMPING TORQUE COEFFICIENS IN UHVAC SYSTEM
According to the analysis above, this part will investigate the situations of K 2 , K 5 , K 6 , and the damping torque coefficient in UHVAC system with different output power. And then the comparison of these coefficients between UHVAC and conventional high voltage system will be made. Fig. 8 shows the curves of K 2 , K 5 , K 6 and the damping torque coefficient M a when XM UHVAC system outputs different active power and reactive power. As shown in Fig. 8 , K 2 increases when active power P increases, while K 6 decreases when active power P increases. Different output reactive power Q has little influence to K 2 and K 6 , and both of which are keep positive when output changes. But the situation of K 5 is different. The value of K 5 could be negative if output active power P and reactive power Q is too large, which leads to negative damping coefficient torque M a . Especially, the output reactive power Q has significant influence on K 5 and M a .
To clearly investigate the different situations between UHVAC system and conventional system, the curves of the coefficients of K 2 , K 5 , K 6 and M a in XM UHVAC system and conventional power transmission system, namely JJFG system, are plotted in Fig 9. According to Fig. 9 , we can clearly see that the damping torque coefficient M a in XM UHVAC system is much smaller than in conventional high voltage JJFG system. This is because the K 5 is very small in XM UHVAC system. And the operating points where K 5 and Ma become negative are almost the same in two systems. As the PSS is not equipped, the M a reaches zero before 1 p.u. of rated power.
Although the values of K 2 and K 6 are also different in two different systems, they are still on the same order of magnitude and have less influence on the damping of two systems.
Thus, we can conclude that the bulk capacity of UHVAC system will sharply decrease system's damping compared to conventional high voltage system, which makes UHVAC system operate very close to the safety edge.
C. TRANSMISSION DISTANCE'S IMPACT ON THE DAMPING TORQUE COEFFICIENS IN UHVAC SYSTEM
Similarly, this part will investigate the changing situations of the same coefficients mentioned above in UHVAC system with different transmission distance. Actually, the distance is basically reflected by the line reactance X , so the investigation is implemented by changing X . And the comparison of these coefficients between UHVAC and conventional high voltage system also has been made. Fig. 10 shows curves of K 2 , K 5 , K 6 and the damping torque coefficient M a when line reactance X changes in XM UHVAC system.
As shown in Fig. 10 , when transmission distance increases, K 2 decreases and K 6 increases, yet both of which keep positive. The most influential coefficients K 5 decreases to negative when distance increases. And this leads to a negative damping torque coefficient M a finally. The situations are similar in heavy load, normal load and light load cases. It can be seen that the long distance weakens the damping of UHVAC system.
For comparison, the above curves of XM UHVAC system and conventional JJFG system are plotted in Fig 11. According to Fig. 11 , it can be seen that when distance increases, the damping torque coefficient M a in XM UHVAC system becomes negative earlier than in JJFG system. It means that the UHVAC system's dynamic stability is more sensitive to the transmission distance.
V. VALIDATION IN MULTI-MACHINE SYSTEM
Section III discussed the damping characteristic of UHVAC system based on SIMB through CTCM theory. Compared to conventional high voltage system, it is found that the value of M a in UHVAC system is extremely small, and it is also more sensitive to transmission distance. Thus, this section will verify the investigations through the multi-machine systems in PSASP software, which are based on the systems shown in Fig. 4 and Fig. 5 . 
A. VALIDATION OF OUTPUT POWER'S IMPACT
The impact of system's output power is investigated through the damping ratio index in multi-machine system. When the output active power changes, the damping ratios of XM HVAC system and the JJFG system are shown in Table 3 .
It is clear that the damping ratio of XM UHVAC system are smaller than conventional JJFG transmission system, which fits to the theoretical analysis based on CTCM.
To further validate the stable margin is smaller in UHVAC system, the tie line disconnection fault is added, and the damping ratios in two systems are shown in Table 4 . Here we assume that each tie line can transmit rated power of system without considering the thermal stability.
Through the damping ratios displayed in Table 4 , we can see that the XM UHVAC system cannot operate at rated value only with 1 tie line disconnection fault. While the conventional JJFG system can still be stable with 2 tie lines disconnection fault. This results further validate that the dynamic stability of UHVAC system is much smaller compared to conventional system. 56428 VOLUME 7, 2019 TABLE 4. The damping ratio in multi-machine system with different active power.
FIGURE 12.
Damping ratio in XM UHVAC system with different distances. 
B. VALIDATION OF TRANSMISSION DISTANCE'S IMPACT
To investigate the impact of transmission distance in multimachine system, the situations of damping ratio with different transmission distances are shown in Fig. 12 and Fig. 13 .
It can be seen that the maximum transmission distance in XM UHVAC system is 520 km if there is no fault, while it is 550 km in JJFG system, where the maximum distance is determined when damping ratio reaches zero. The situation is much clearer when 1 tie line disconnection fault happens. As Fig. 12 and Fig. 13 show, the maximum distance is only 360 km in XM UHVAC system with 1tie line disconnection, but it reaches to 480 km in JJFG system at the same condition. This fact validates the before theoretical results that the UHVAC system's dynamic stability is much more sensitive to the transmission distance.
VI. THE SUGGESTIONS FOR PRACTICAL UHVAC PROJECT
To give the specific suggestions for practical UHVAC system in the view of dynamic stability, the damping characteristic of UHVAC multi-machine system is studied. As the practical operation required, the damping ratio is set not smaller than 5% when there is no fault, and it also should be bigger than 0% if one tie line disconnection fault happens. Based on this criterion, the maximum distances are found out with different situations as shown in Table 5 and 6.
It can be seen that more tie lines can strengthen dynamic stability of UHVAC system. That is because the more paralleled tie lines make whole line reactance smaller, which can increase the max transmission distances of the system. Thus, the following suggestions can be given for practical UHVAC projects if there is no other equipment for LFO suppression.
VII. CONCLUSION
In this paper, the damping characteristic of UHVAC power transmission system with large-scale thermal power bases is studied. To find out the difference between UHVAC system VOLUME 7, 2019 and conventional high voltage system, the complex torque coefficient method (CTCM) is used in equivalent single machine infinite bus system (SMIB) at first. And then the damping characteristics of UHVAC system and conventional system in practical multi-machine system are investigated for validation. Based on the analysis above, the following conclusions can be drawn:
(1) Because of the bulk capacity, the damping torque coefficient M a in UHVAC power transmission system is much smaller than in conventional high voltage power transmission system, which makes the UHVAC system are more vulnerable to low frequency oscillation (LFO) problems.
(2) The dynamic stability of UHVAC power transmission system is more sensitive to the transmission distance compared to conventional system. And the maximum transmission distance of UHVAC system is smaller than conventional system, because the damping torque coefficient M a reaches zero earlier in UHVAC system.
(3) The results of multi-machine system validate the above two conclusions through the damping ratios changing situations in different conditions.
(4) The suggestions for practical UHVAC power transmission systems are made based on the above analysis in the view of dynamic stability. 
